Breast cancer is the most prevalent cancer in women worldwide with a high mortality rate, and the identification of new biomarkers and targets for this disease is greatly needed. Here we present evidence that microtubule-associated protein (MAP) 7 domain-containing protein 3 (Mdp3) is highly expressed in clinical samples and cell lines of breast cancer. The expression of Mdp3 correlates with clinicopathological parameters indicating breast cancer malignancy. In addition, Mdp3 promotes breast cancer cell proliferation and motility in vitro and stimulates breast cancer growth and metastasis in mice. Mechanistic studies reveal that γ-tubulin interacts with and recruits Mdp3 to the centrosome and that the centrosomal localization of Mdp3 is required for its activity to promote breast cancer cell proliferation and motility. These findings suggest a critical role for Mdp3 in the growth and metastasis of breast cancer and may have important implications for the management of this disease.
Introduction
Breast cancer remains the most commonly diagnosed cancer in women, despite substantial progress in its prevention, diagnosis, and treatment 1 . Breast cancer usually originates from the inner lining of mammary ducts and lobules and can metastasize to the bone, lung, liver, and brain 2 . In most cases, the breast-conserving surgery combined with radiation therapy or chemotherapy could effectively manage early breast cancer. However, difficulties still remain in treating patients who have advanced metastatic breast cancer 3 . Although current chemotherapeutic agents largely shrink breast cancer in the beginning, frequent acquisition of drug resistance and severe side effects are major issues of these agents. In addition, some failures in chemotherapy result from low susceptibility caused by the heterogeneous nature of breast cancer. Over the past decades, the identification of biomarkers of breast cancer have shed light on exploring efficient therapeutic strategies against this disease. For example, Herceptin, a monoclonal antibody against human epidermal growth factor receptor 2 (HER2), has benefited patients who are diagnosed with HER2-positive, advanced breast cancer 4 .
Microtubule-associated proteins (MAPs) represent a family of proteins that regulate microtubule properties and functions [5] [6] [7] [8] . Accumulating evidence shows that changes in the expression or post-translational modification of MAPs can contrib-
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International Publisher ute to the dysregulation of microtubule dynamics and consequently lead to the development of serious diseases, including cancer [9] [10] [11] [12] . The alteration of microtubule dynamics by these changes may also result in tumor resistance to chemotherapeutic agents that target microtubules 9 . Many MAPs with aberrant expression have been depicted to be relevant to susceptibility to microtubule targeting agents [13] [14] [15] [16] [17] , and targeting MAPs has been considered as a strategy for rational administration of chemotherapeutic agents against cancer 9, [18] [19] [20] . MAP7 domain-containing protein 3 (Mdp3) has recently been shown to regulate microtubule assembly and stability via its interaction with tubulin and microtubules 21 . In addition, Mdp3 can control microtubule stability through modulating the activity of histone deacetylase 6 (HDAC6) 22 . However, the physiological and pathological functions of Mdp3 are unclear. In this study, we present the first evidence that Mdp3 plays an important role in breast cancer growth and metastasis.
Materials and Methods

Materials
Sulforhodamine B (SRB), 4´,6-diamidino-2-phenylindole (DAPI) and antibodies against β-actin, γ-tubulin, and glutathione S-transferase (GST) were purchased from Sigma-Aldrich. 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) was from Songon Biotech. Antibody against Mdp3 was generated as described previously 21 . Anti-Ki67 antibody and horseradish peroxidase-conjugated secondary antibodies were from Abcam and Santa Cruz Biotechnology, respectively. Fluorescein-and rhodamine-conjugated secondary antibodies were from Jackson ImmunoResearch Laboratories.
Cell culture
MCF-10A normal human breast epithelial cells and all human breast cancer cells were purchased from the American Type Culture Collection and cultured according to the manuals. The 4T1-luc luciferase-expressing mouse breast cancer cells were kindly provided by Dr. Zhinan Yin (Nankai University, China) and cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum.
Plasmids, siRNAs, and transfections
Mammalian expression plasmids for Mdp3 were generated as described previously 21, 22 . Control siRNA (5'-CGUACGCGGAAUACUUCGA-3'), γ-tubulin siRNA (5'-GGACAUGUUCAAGGACAACUUUGAU -3'), and human Mdp3 siRNAs (1: 5'-GGAGAGAAGCUCAUCUUUA-3'; 2: 5'-CUUAU UCUCUUGUGUCUAA-3') were synthesized by Invitrogen.
Mouse Mdp3 siRNAs (1: 5'-GCUACCAGUAGCAGCACAU-3'; 2: 5'-GCGACA UAAACGUGGUAUU-3') were synthesized by Ribobio. Plasmids and siRNAs were transfected with the polyethyleneimine reagent (Sigma-Aldrich) and DharmaFect1 reagent (Dharmacon), respectively, according to the manufacturers' manuals.
Human tissue samples
Samples of human breast cancer and adjacent tissues were obtained from patients who underwent surgical resection at Shanxian Dongda Hospital, Shandong, China. The use of human tissues was approved by our Institutional Ethics Committee. Tissues were immunostained as described previously 11 . Briefly, sections were deparaffinized and rehydrated with xylene and graded alcohols. After antigen retrieval and inactivation of endogenous peroxidase, sections were blocked with goat serum and incubated with primary antibodies. Subsequently the sections were incubated with biotinylated secondary antibody and streptavidin-biotin-peroxidase, using daminobenzidine as the chromogen substrate, and finally haematoxylin counterstaining were performed. The expression of Mdp3 was graded according to the staining intensity (0 = negative; 1 = low; 2 = medium; 3 = high) and the percentage of stained cells (0 = 0% stained; 1 = 1%-25% stained; 2 = 26%-50% stained; 3 = 51%-100% stained) as described previously 16 .
Immunoblot analysis
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membranes (Millipore), followed by blocking with Tris-buffered saline containing 0.2% Tween 20 and 5% fat-free dry milk. Membranes were incubated sequentially with primary antibodies and horseradish peroxidase-conjugated secondary antibodies. Specific proteins were detected with the enhanced chemiluminescence detection reagent (Pierce), according to the manufacturer's protocol.
GST pull-down and immunoprecipitation
For GST pull-down, cells transfected with GST-tagged plasmids were lyzed and cell lysates were incubated with glutathione-conjugated agarose beads at 4 °C overnight. The pulled-down proteins were then analyzed by immunoblotting. For immunoprecipitation, the cell lysates were incubated with anti-γ-tubulin antibody or control IgG at 4 °C for 2 hours, and protein A/G agarose beads were then added to the solution for another 2 hours. The precipitated proteins were then examined by immunoblotting.
Cell proliferation and colony formation
Cells were seeded in 96-well plates, and the density of cells was determined by SRB and MTT assays. For cell cycle analysis, cells were collected and washed twice with ice-cold phosphate-buffered saline (PBS). Then cells were fixed with 70% ethanol at 4 °C for 24 hours and incubated with propidium iodide (PI)/RNase A solution for 30 minutes. Samples were analyzed with the BD FACS Calibur flow cytometer. For colony formation assays, cells were seeded in six-well plates and incubated for 2 weeks. The colonies were then fixed with methanol and stained with 0.1% crystal violet. Photographs were taken and the number of colonies at each well was counted.
Cell motility assays
Cell motility assays were performed as described previously 8 . For wound healing experiments, cells cultured in 24-well plates were scratched with a 10 μL pipette tip to generate the wound. Cells were then washed twice with PBS to remove the cell debris. Photographs of the wound were taken at 0 hour and 24 hours to determine the extent of wound closure. For transwell experiments, cells suspended in serum-free medium were added to the upper chamber of inserts that were precoated with matrigel, fibronectin, poly-D-lysine, or gelatin. Cells on the inside of the inserts were removed 24 hours later with a cotton swab, and invaded cells underside were fixed with 4% paraformaldehyde, stained with the crystal violet solution, and imaged. For cell tracking assays, cells were cultured in a 35-mm dish overnight. The migration of the cells was recorded at an interval of 5 minutes for 12 hours with a phase contrast microscope. Tracks and migration velocities were determined with the Image-J software.
Tumor growth and metastasis in mice
All procedures for mouse care and operation were carried out according to the guidelines of experimental animals. The use of mice was approved by our Institutional Animal Care Committee. To examine tumor growth, cells were injected subcutaneously into the right flank of female athymic nude mice, and tumor volumes were measured. After the mice were sacrificed, tumors were isolated, photographed, weighed and sectioned for Ki67 immunostaining. To analyze tumor metastasis, 4T1-luc cells were injected into the lateral tail vein of female BALB/c mice. Luciferin (150 mg/kg) was injected intraperitoneally 10 minutes before imaging. Metastatic cells were monitored with an IVIS Imaging System (Xenogen). At the endpoint of experiments, mice were sacrificed and tumors were harvested for bioluminescent imaging or sectioned for haematoxylin and eosin staining.
Immunofluorescence microscopy
Cells grown on glass coverslips were fixed with methanol at -20 °C for 5 minutes and then blocked with 2% bovine serine albumin in PBS for 20 minutes. Cells were incubated with primary antibodies and then with fluorescein-and rhodamine-conjugated secondary antibodies. Nuclei were stained with DAPI. Coverslips were mounted with 90% glycerol in PBS and then examined with an Axio Observer A1 fluorescence microscope (Carl Zeiss, Inc.).
Results
Mdp3 is highly expressed in human breast cancer tissues and cell lines
We obtained 85 breast cancer tissue samples and 49 adjacent tissue samples from patients who underwent surgical resection and examined Mdp3 expression by immunohistochemical staining. The samples were classified into four groups according to the staining intensity and the percentage of stained cells ( Figures 1A and 1B) . We found that 43.5% of breast cancer tissues showed high expression (+++) of Mdp3, whereas only 20.4% of the adjacent issues had high expression ( Figure 1C ).
To study whether Mdp3 expression is linked to the clinical characteristics of breast cancer, we analyzed several clinicopathological parameters of these 85 breast cancer tissue samples. We found that Mdp3 expression correlated with higher pathological tumor node metastasis (pTNM) stage ( Figure 1D ), higher histological grade ( Figure 1E ), and higher incidence of lymph node metastasis ( Figure 1F ). In contrast, a negative correlation was observed between Mdp3 and estrogen receptor ( Figure 1G ), and between Mdp3 and progesterone receptor ( Figure 1H ). No significant correlation was identified between Mdp3 and the age of patients.
We then performed immunoblotting to examine the expression of Mdp3 in MCF-10A normal breast epithelial cells and several breast cancer cell lines. As shown in Figure 1I , Mdp3 was hardly detectable in normal breast epithelial cells, whereas its expression was significantly increased in all the breast cancer cell lines examined except SW527 cells. These data indicate a potential role for elevated expression of Mdp3 in the pathogenesis of breast cancer.
Mdp3 promotes the proliferation of breast cancer cells
To investigate how Mdp3 is involved in breast cancer, we examined its role in breast cancer cell proliferation by knocking down its expression with specific siRNAs (Figure 2A) . By SRB and MTT assays, we found that depletion of Mdp3 significantly sup-pressed the proliferation of breast cancer cells (Figures 2B and 2C ). Mdp3 siRNAs also remarkably decreased the number of colonies formed from breast cancer cells, as compared to the control group ( Figure  2D ). To further analyze the role of Mdp3 in breast cancer cell proliferation, we overexpressed Mdp3 in MCF-10A normal breast epithelial cells and BT549 breast cancer cells ( Figure 2E ). We found that overexpression of Mdp3 could promote the formation of colonies from MCF-10A and BT549 cells ( Figure 2F) . By flow cytometric analysis of DNA content, we found that knockdown of Mdp3 expression did not significantly affect the percentages of breast cancer cells at G1, S, and G2/M phases ( Figures 2G and 2H) . 
Mdp3 stimulates the motility of breast cancer cells
We then performed wound healing and transwell assays to study the potential involvement of Mdp3 in breast cancer cell motility. We found that siRNA-mediated depletion of Mdp3 expression dramatically inhibited the extent of wound closure in both MDA-MB-231 and Hs578T cells (Figures 3A-C) . In addition, Mdp3 siRNAs significantly compromised the invasion of breast cancer cells through matrigel-coated membranes ( Figures 3D and 3E ). The requirement of Mdp3 for cell invasion was also observed when the membrane was coated with fibronectin, poly-D-lysine, or gelatin ( Figure 3F ). To gain more insight into the role of Mdp3 in breast cancer cell motility, we tracked breast cancer cells and analyzed their migration velocity. Cell movement was recorded by time-lapse imaging, and the movement velocity was determined by regression analysis of the accumulated distance versus time. We found that knockdown of Mdp3 expression decreased the accumulated distance of cell movement and reduced the velocity (Figures 3G-I) . By wound healing and transwell experiments, we further found that overexpression of Mdp3 could enhance the motility of MCF-10A and MDA-MB-231 cells (Figures 3J-L) . Collectively, these data demonstrate a critical role for Mdp3 in breast cancer cell motility.
Mdp3 increases breast cancer growth and metastasis in mice
To investigate the role of Mdp3 in vivo, control or Mdp3 siRNA-transfected MDA-MB-231 cells were injected subcutaneously into athymic nude mice, and tumor volume was then measured each week. We found that the volume of tumors in Mdp3 siRNA groups was markedly smaller than that in the control group ( Figure 4A ). In addition, the weight of tumors isolated from the Mdp3 siRNAs groups was decreased as compared to the control group ( Figure 4B ). We also found that overexpression of Mdp3 increased tumor volume and weight in mice ( Figures 4C and  4D ). Immunohistochemical staining further revealed that the expression of the cell proliferation marker Ki67 in tumors was significantly lower in the Mdp3 siRNA group than that in the control group ( Figures  4E and 4F) .
We then used mouse 4T1-luc cells to evaluate the role of Mdp3 in breast cancer metastasis in mice. We injected control or mouse Mdp3 siRNA-transfected 4T1-luc cells into the tail vein, and luciferin was injected to allow the detection of 4T1-luc cells via bioluminescence imaging. We found that knockdown of Mdp3 expression greatly decreased the metastasis of 4T1-luc cells to the lung (Figures 4G-I) . Measurement of the luminescence photon flux in the isolated tumors also showed that Mdp3 was important for cancer metastasis ( Figure 4J ). We then examined the lung sections by hematoxylin and eosin staining. As shown in Figures 4K and 4L , Mdp3 siRNAs remarkably reduced the percentage of the metastasis area in the lung. In addition, overexpression of Mdp3 increased the percentage of the metastasis area in the lung ( Figure 4M ). Thus, Mdp3 enhances breast cancer growth and metastasis in mice.
Interaction of Mdp3 with γ-tubulin is required for its ability to promote breast cancer cell proliferation and motility
To provide mechanistic insight into the role of Mdp3 in breast cancer, we examined its subcellular localization in breast cancer cells by immunofluorescence microscopy. Consistent with the previous finding 21 , Mdp3 was partially colocalized with microtubules ( Figure 5A ). Interestingly, Mdp3 signal was also detected at the centrosome (Figures 5A and 5B) . By GST pull-down assay, we found that Mdp3 full-length, but not its C-terminus, interacted with the centrosomal protein γ-tubulin ( Figure 5C ). By immunoprecipitation experiments, we further found an interaction between endogenous Mdp3 and γ-tubulin in breast cancer cells ( Figure 5D ). Immunofluorescence microscopy showed that GFP-Mdp3 full-length was partially colocalized with γ-tubulin and exhibited microtubule-like filaments, whereas its C-terminus had a dispersed distribution pattern in the cell ( Figure  5E ). Interestingly, depletion of γ-tubulin abolished the centrosomal localization of Mdp3, whereas depletion of Mdp3 did not affect the localization of γ-tubulin ( Figure 5F ). Furthermore, Mdp3 full-length, but not its C-terminus, partially restored Mdp3 siR-NA-induced proliferation and motility defects of breast cancer cells (Figures 5G and 5H) . We also found that deletion of the first coiled coil domain of Mdp3, which mediates its interaction with HDAC6 22 , did not significantly affect its ability to promote breast cancer cell proliferation and motility ( Figures 5I and 5J) . Taken together, these data indicate that Mdp3 is recruited to the centrosome through its binding to γ-tubulin, and that the interaction between Mdp3 and γ-tubulin is necessary for Mdp3 to promote breast cancer cell proliferation and motility.
Discussion
Breast cancer is a multifaceted disease with a variety of biological subtypes and can metastasize to organs such as the bone and lung through the vascular and lymphatic systems. Proteins with abnormal expression or activity in breast cancer cells are thought to have diagnostic and therapeutic potential. The discovery of estrogen receptor, progesterone receptor, and HER2 in the development of breast cancer has benefited many patients. In addition, selective targeting of breast cancer cells by some small molecules may hold promise in a subset of patients 23 . However, more biomarkers and targets for the management of this disease are still needed. This work reveals that Mdp3 is highly expressed in human breast cancer tissues and cell lines and that Mdp3 promotes breast cancer growth and metastasis by stimulating cancer cell proliferation and motility. The potential of Mdp3 as a biomarker or target for the management of breast cancer thus merits further investigation.
Cell motility is known to require the dynamic properties of microtubules 24 , and MAPs are critical for cell motility due to their ability to regulate microtubule dynamics 5 . For example, end-binding protein 1 (EB1), the microtubule-associated deubiquitinase cylindromatosis (CYLD), and the tubulin deacetylase HDAC6 play important roles in the movement of diverse types of cells 7, 8, [25] [26] [27] . Interestingly, Mdp3 regulates microtubule dynamics through modulating the activity of HDAC6 as a tubulin deacetylase, in addition to its direct binding to microtubules 21, 22 . In this study, we demonstrate the localization of Mdp3 to the centrosome in breast cancer cells via its interaction with γ-tubulin. Given that the centrosome is involved in organelle positioning, cell polarity, cell motility, and mitotic spindle assembly [28] [29] [30] , it is possible that Mdp3 regulates breast cancer growth and metastasis through its centrosomal localization and functions.
At present, the precise mechanism of how the Mdp3/γ-tubulin axis is connected to the function of Mdp3 in breast cancer cell proliferation and motility is unknown. Our data show that overexpression or knockdown of Mdp3 does not obviously affect γ-tubulin localization. It is possible that Mdp3 might modulate the interaction of γ-tubulin with other centrosomal proteins mediating cell proliferation and migration. Interestingly, although Mdp3 promotes microtubule stability partially through its suppression of HDAC6 activity 22 , deletion of the HDAC6-interacting domain of Mdp3 does not significantly influence its effects on breast cancer cell proliferation and migration. This finding suggests that HDAC6 might play a minor role, if there is any, in mediating the functions of Mdp3 in breast cancer.
It is noteworthy that breast cancer 1 (BRCA1), a protein commonly mutated in breast and ovarian cancers 31 , is also localized to the centrosome and suppresses microtubule nucleation through ubiquitination of γ-tubulin 32 . BRCA1 has also been reported to play a critical role in regulating cancer sensitivity to microtubule-targeting agents 33 . In addition, a number of MAPs have been shown to control the sensitivity of paclitaxel in breast cancer via microtubule-dependent mechanisms. For example, overexpression of tau in breast cancer patients leads to poor response to paclitaxel 14 , and the elevation of cytoplasmic linker protein of 170 kDa (CLIP-170) expression enhances breast cancer sensitivity to paclitaxel 15 . Given the increased expression of Mdp3 in breast cancer and its interaction with microtubules and γ-tubulin, it would be interesting to investigate in the future whether Mdp3 could modulate the sensitivity of breast cancer cells to microtubule-targeting agents.
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